A critical review of information from~7000 plankton, sediment trap and surface sediment samples from the World Ocean indicates that standing stock and species richness (i.e. number of species) of polycystine radiolarians are highest in the tropics and subtropics at 0-100 m (~1100-1400 ind. m ). Polewards of 45°N and 45°S, highest densities (~200-500 ind. m −3 ) occur at 100-400 m. In contrast with plankton samples, sediment traps yield highest radiolarian accumulation rates at the deepest layers, probably because of higher biogenic silica dissolution rates in the shallower traps. Deeper plankton and sediment trap samples yield more species than shallower ones; in polar-subpolar areas, many of these species represent in situ living populations, but in the low latitudes, they are largely represented by dead, settling individuals and by colder water species that submerge under the warm surficial layers. Staining of the protoplasm with Rose Bengal does not allow adequate discrimination of subsurface resident populations from dead or nonviable organisms settling from above. The vertical heterogeneity of radiolarian assemblages has significant implications for biogeographic and paleoecological surveys.
I N T R O D U C T I O N
The Radiolaria Polycystina (Retaria, Polycystinea, according to the classification scheme of Adl et al., 2012) are marine, chiefly open-ocean holoplanktonic protists, most of which possess siliceous skeletons which preserve in the sedimentary fossil record. Polycystines are a highly diversified group (~300-800 Recent species; Boltovskoy et al., 2010 , Kruglikova, 2013 , Lazarus et al., 2015 , but their use for biogeographic and paleoecologic surveys is hindered by our scant knowledge of their ecology in general, and of their vertical distribution patterns in particular. Vertical distribution of the species is an especially sensitive issue because most distributional and all paleoecological studies are based on sedimentary radiolarian remains, where upper layer assemblages (whose composition generally reflects near-surface environmental conditions) and deep-dwelling species (whose environmental envelopes are loosely or not at all associated with conditions in the surface waters) are collapsed on a single plane, the sea floor. With very few exceptions (e.g. Kamikuri et al., 2008) , these contrasting environmental envelopes are ignored in distributional studies based on sedimentary samples.
Radiolarian data from the water column come from two sources: plankton samples and sediment trap samples. Sediment trap samples also integrate the output of the overlying layers, and because the shallowest trapping depths are often around 1000 m, their usefulness for discriminating the living depth ranges of most radiolarian species, which vary significantly within this interval, is limited. Vertical plankton tows, on the other hand, are usually performed over much shorter depth intervals and furnish a detailed coverage of discrete layers in the upper waters. However, a major problem with planktonic materials is that while the uppermost tows retrieve living organisms, deeper ones collect species actually living at those depths, as well as dead cells settling from above. Discriminating living from dead protists has been attempted in several surveys by staining the protoplasm, but the reliability of such methods is questionable (see Discussion section). An alternative approach to this problem is identifying abundance peaks in the vertical profiles, often well defined in a certain depth range, presumably pinpointing the preferred habitat of that species. At greater depths, most of such distributions decrease to lower values, likely representing background levels of descending dead or dying shells, or laterally advected individuals, often from higher latitude areas (a widespread phenomenon known as "isothermal submersion"; Kling, 1976; Wiebe and Boyd, 1978; Casey et al., 1982; Kling and Boltovskoy, 1995; Briggs, 1996) , rather than living populations beyond the maximum density of the species (Kling, 1979) .
Reported and unpublished data from vertical series of plankton samples and sediment traps across the World Ocean were analyzed to investigate depth-related changes in radiolarian concentrations, species composition and species richness (i.e. number of species) in warm and in temperate-cold waters. In addition to the presentation of the raw compiled information (Boltovskoy et al., 2010) , these data have been partially used in previous reports by the present author to investigate ocean-wide radiolarian biogeographic patterns (Boltovskoy and Correa, 2016) , and to assess the potential mechanisms responsible for the fact that, in contrast to many other plankton, which peak in diversity in the middle latitudes, radiolarians show highest species richness values at the equator (Boltovskoy and Correa, 2017) . One of the main goals of the present work was to discriminate to what extent the radiolarian assemblages retrieved from different depths in the water column are composed of local, living populations, or represent dead or nonviable specimens settling from shallower depths. Regional comparisons of the preferred depth at different latitudes were used to identify species that are restricted to warm or cold waters, and species that follow an isothermal submersion pattern inhabiting the upper layers in polar and subpolar areas, but extending into the tropics and subtropics at depth.
M E T H O D
This work is based on selected subsets of the radiolarian database assembled by Boltovskoy et al. (2010) (91 surveys, 6719 plankton, sediment trap and surface sediment samples, 307 radiolarian morphospecies), several publications not included in the above (mostly published after 2009), as well as the authors' unpublished information. Raw data extracted from each source were critically evaluated to identify synonyms and apply a uniform nomenclature throughout (Boltovskoy et al., 2010) . The data used encompassed 156 series of vertical plankton hauls with 2-20 discrete samples each (mean: 6 depth layers per series), 50% of them to depths >500 m. Sediment trap samples included 52 collections from depths between 50 and 5582 m (~70% at 500 m or more). Sources of data for each of the analyses performed are detailed in the Appendix (Supplementary Material online) .
In ecological and paleoecological surveys, it is customary to work with the proportions of the species concerned, rather than with their absolute abundances. In most cases, such an approach is justified by the fact that the aim of the work is characterizing assemblages through the relative importance of the intervening species, regardless of their absolute abundances. In paleoceanographic work, these proportions in the surface sediments are compared with proportions in dated, downcore samples where they are interpreted in terms of environmental changes (e.g. Imbrie and Kipp, 1971; Climap, 1976) . However, for the definition of the depth preferences in the water column, relative abundances are of limited use because they may or may not be associated with the layer that hosts the highest density of each species (Hayek and Buzas, 1997; Reyment et al., 2008) , and therefore most probably represents its preferred depth range. As a matter of fact, in our database of plankton samples for which radiolarian densities (ind. m ) and species identifications were provided in the original reports (813 samples), correlations between ind. m −3 and percentage values varied widely (R = 0.186-0.829). Thus, definition of the preferred depths was based on the absolute densities of each species, rather than on percentage data.
Raw or log-transformed data were used for all parametric statistical estimates where model assumptions were met. When neither raw nor transformed data yielded the distribution parameters expected, nonparametric techniques were used. All statistical analyses were performed with the aid of the program PAST (Hammer et al., 2001) .
R E S U L T S
Vertical profiles of radiolarian abundance Figure 1A shows the vertical profiles of radiolarian abundance based on values for 1145 plankton samples averaged over three latitudinal intervals: N of 45°N, 30°N-30°S and S of 45°S. These latitudinal limits (30°-−45°N and S) were chosen because they roughly define the areas where warm water (tropical/subtropical) assemblages are replaced by cold water ones (subpolar/ polar) in many planktonic taxa, including the radiolarians (Boltovskoy and Correa, 2016) . Practically, all the data (>99%) from southern polar and subpolar waters, where seasonality is very pronounced, were collected between November and January (Fig. 1D) . South of 60°S this period (2-9 Spring-Summer weeks) accounts for 70-95% of the annual radiolarian production (Abelmann and Gersonde, 1991) , whereas between 45°S and 60°S primary production (as indicated by chlorophyll a concentrations, Goddard Earth Sciences Data and Information Services Center, National Aeronautics and Space Administration; http://disc.sci.gsfc.nasa.gov/ giovanni) is~2 times higher in November-January (~0.6 µg L ), and protozooplankton production (as indicated by foraminiferal flux) clearly peaks between October and January Howard, 2001, 2003) . Thus, in an attempt to compensate for this bias, reported radiolarian densities south of 60°S (118 datapoints) were divided by a factor of 8, whereas those between 45°S and 60°S (315 datapoints) were halved. In northern cold waters, interannual fluctuations may be very strong (Ikenoue et al., 2012) , but the data compiled span >35 years , which has likely buffered the influence of extreme values. Around 50% of these samples were collected in June and September, and the other half was rather evenly distributed throughout the rest of the year (Fig. 1D ). In the tropics and subtropics, seasonal density changes are less marked (Berger et al., 1989; Boltovskoy et al., 1993) , and therefore sampling dates are less likely to affect mean values significantly.
At 30°N-30°S, radiolarian densities are highest in the upper 100 m, peaking between 50 and 100 m (mean: 1400 ind. m
, with a few figures as high as~18 000 ind. m −3 ), and dropping sharply below 400 m. Below 1000 m, only traces are usually found (mean:~0.3 ind. m −3 ) (Fig. 1A) . In polar and subpolar areas, the vertical profiles show deeper maxima (100-400 m; Fig. 1A ), and at >1000 m, radiolarian densities are considerably higher than at lower latitudes (~20-150 ind. m
−3
). Vertical profiles polewards of 45°N and 45°S are generally similar, but absolute densities seem higher in the Southern Hemisphere. When considering the entire 0-1000 m water column, radiolarian standing stocks (adjusted for differences in the thickness of the layers involved) in the low latitudes are similar to those in southern cold waters (~490 000 and 500 000 ind. m −2 , respectively), whereas north of 45°N, the figure is noticeably lower:~100 000 ind. m −2 . However, differences between cold southern waters and the other areas are likely affected by methodological dissimilarities (see Discussion section).
Although the averages shown in Fig. 1A do not seem to be strongly biased by outliers because associations between mean and median values are very high (Pearson's R 2 = 0.877 for the 18 series of datapoints: 3 latitudinal intervals with 6 depth layers each), variability within each bin is high (coefficients of variation = 0.65-5.14), and therefore the number of statistically significant differences is moderate. Of the 144 pairwise comparisons, less than half (60) yielded P values below 0.01 (Kruskal-Wallis test and Bonferroni-corrected pairwise Mann-Whitney contrasts-KW/MW). On the other hand, both differences between latitudinal intervals (depth-pooled data, KW/MW), and the interaction between latitude and depth (two-way ANOVA based on log-transformed data) are very highly significant (P < 0.001 in all cases). Figure 1 , based on averaged data, shows the general vertical patterns of radiolarian abundance, but it does not indicate the agreement between different surveys. 

To investigate this concordance, a subset of the data used for Fig. 1 was employed selecting the surveys that covered several of the depth layers considered. To minimize differences due to methodological inconsistencies, in all cases each profile was based on data from the same publication and/or by the same authors. Closely spaced samples and time-series collections at the same or closely spaced sites were averaged. The results of this exercise (Fig. 2) are obviously not identical to those shown in Fig. 1 because they are based on a different set of data, but in general terms, they confirm the patterns derived from all the plankton samples available, especially at 30°N-30°S, where all maxima occur above 100 m (Fig. 2G-M) . On the other hand, in high latitude areas, the profiles are more variable, with some collections showing highest radiolarian densities above 100 m ( Fig. 2A, F, P ).
Radiolarian accumulation rates as a function of depth are illustrated in Fig. 3 . In sharp contrast with their standing stocks, accumulation rates at the same site are usually highest at the deepest or the second deepest traps of each mooring (81% of the profiles shown in Fig. 3) . Most of the few surveys where higher accumulation rates were recorded closer to the surface than at depth were based on short trapping periods (often 1 day), and/or 1-2 samples per depth, rather than on annual or multiannual values (Gowing, 1986 (Gowing, , 1993 Gowing and Coale, 1989; Bernstein et al., 1990; ID numbers 11, 14, 17, 21 in Fig. 3 ). Radiolarian flux rates do not seem to be associated with latitude ( Fig. 3C ), but the heterogeneity in trap depths, and particularly in the trapping periods covered, preclude an adequate assessment of this relationship. In all those cases where both flux rates and radiolarian identifications were available (21 of the 33 profiles shown in Fig. 3 ), similarity in percentage species composition between the uppermost and the lowermost traps was very high (Pearson's R = 0.606-0.968, mean R = 0.844). 
Vertical distribution of species richness
Data from plankton and from sediment trap samples show that radiolarian species richness increases with depth. Figure 4 , based on 123 series of discrete vertical plankton tows between the surface (with the exception of three series that did not cover depths <50 m) and 1000 m, illustrates the relationship between the maximum depth sampled and the mid-depth of the tow where the highest proportion of the species reported for the entire series was recorded. Although the datapoints are somewhat dispersed, there is a highly significant association between the maximum depth sampled and that where most species were found. In other words, deeper samples yield higher proportions of the species present at each site than shallower ones. A similar assessment of 18 sediment trap series deployed simultaneously at more than one depth (300 to~3800 m) yields a very similar result, with the lowermost trap hosting the highest numbers of species in 12 instances (Fig. 5) . Figure 6 illustrates the numbers of species recorded in the plankton in each of six depth intervals, and those added to the inventory of the overlying layers when moving down in the water column. With the exception of the 1000-5000 m layer at 30°N-30°S (Fig. 6A) , species richness values are roughly similar across depths (Fig. 6A) , or increase toward the deeper layers (Fig. 6B) . In contrast, the numbers of species absent in the overlying waters decrease sharply with depth. A similar  assessment based on sediment trap samples (the depth layers considered are necessarily different because sediment traps were deployed at >300 m) shows a roughly similar pattern (Fig. 7) , although the drop in "new" species starts deeper, at~1000 m (most probably because the number of datapoints above 1000 m is limited; see Fig. 5 ).
Vertical profiles of selected species
To investigate the vertical distribution patterns of the species, from the entire database of plankton samples, a selection of the radiolarians that were recorded in >80 samples (62 species) was extracted and their average abundances (in ind. m ) in five depth intervals for two latitudinal offsets (30°N-30°S, and north of 45°N) were calculated (683 samples; Figs 8 and 9) (for the Southern Hemisphere, data with species identifications were too few for this analysis). Because one of the goals of this survey was to investigate differences in the vertical ranges of the species in warm and in cold waters, this assessment was centered on discrepancies in the abundance profiles in these two areas.
Of the 61 species present at the low latitudes (1 of the 62 abundant radiolarians was absent in the 30°N-30°S subset-Phormacantha hystrix), 23 peak in abundance at 0-50 m, 24 at 50-100 m and 14 species peak below 100 m (Fig. 8B ). Because preferred temperatures for each species (Fig. 8A ) are calculated from their vertical distribution profiles (see caption to Fig. 8 ), at 30°N-30°S upper layer (0-50 m) forms are clearly associated with highest water temperatures; for those peaking at 50-100 m preferred temperatures are generally lower, albeit mostly above 20°C, whereas for radiolarians peaking below 100 m preferred temperatures are mostly below 20°C (Fig. 8A ). Significantly, with the only exception of Stylochlamydium asteriscus, all the radiolarians absent from the cold waters, in the tropics and subtropics dwell chiefly close to the surface (0-50 or 50-100 m).
In samples collected north of 45°N, 28 of the 62 abundant radiolarians were absent altogether, the remaining 34 peaking chiefly below 100 m, and only 6 had highest densities between the surface and 100 m (Fig. 8C) .
Twenty species (of 33 present in the 2 latitudinal intervals compared) have shallower maxima in the tropics than in the northern latitudes. However, with very few exceptions (e.g. Actinomma leptodermum, which most probably includes several morphologically similar organisms with different ecological preferences: Cortese and Bjørklund, 1998; Kruglikova et al., 2009 , at 30°N-30°S), suggesting that north of 45°N their vertical abundance peaks are poorly defined.
On the other hand, 8 species present in both warm and cold waters have shallower maxima in the latter than at 30°N-30°S (Lampromitra quadricuspis, Larcopyle buetschlii, Lithomelissa setosa, Pseudodictyophimus bicornis, Pseudodictyophimus gracilipes, Rhizoplegma boreale, Spongotrochus glacialis and Stylochlamydium venustum). Their absolute abundances vary widely (0.001-12 ind. L −1
), but are often higher in the tropics (at depth), than closer to the pole (in shallower waters) (Figs 8 and 9 ). . In all cases, values at each depth within the same series (and same source) were transformed into percentages of the overall totals for the corresponding series. Based on a total of 122 series of vertical net tows or pump samples with 2-15 discrete samples each (total samples: 457). Upper panels are for sites located between 30°N and 30°S (65 series, 223 samples; circles in map; A); and sites located polewards of 45°(N or S) (57 series, 234 samples; squares in map; B). Actual sampling layers are within the depth ranges indicated in~50% of the samples, in the remaining 50% actual depth ranges covered are, on average, 3% shallower or deeper than the nominal depths. (C) Map with locations of samples used. (D) Mean number of "species" recorded in six consecutive "depth layers" (gray bars) and numbers of "species" added to the inventory of the overlying layers (black bars), as shown by a simulated random database of 250 species recorded in 600 "samples" (100 per depth interval). See Appendix for sources of data.


D I S C U S S I O N Vertical profiles of radiolarian abundance
Our results generally agree with previous information that radiolarian peak densities are shallower at low latitudes than closer to the poles (Petrushevskaya, 1971b; Caron and Swanberg, 1990; Zasko and Kosobokova, 2014; Hu et al., 2015) , although exceptions have also been reported (e.g. Ikenoue et al., 2015 ; Fig. 2A ).
Deeper abundance maxima in polar waters have often been associated with higher temperatures at depth, especially in the Southern Ocean, with the Antarctic Deep Water (e.g. Boltovskoy and Alder, 1992b; Alder and Boltovskoy, 1993; Abelmann and Gowing, 1997) . For the northern latitudes, available data are more heterogeneous ( Fig. 2A-F ), but several species were found to peak in the slightly warmer Arctic Intermediate Water (Itaki et al., 2003, Zasko and Kosobokova, 2014) . Further, in these high latitude areas, ice-cover has been found to play a key role strongly affecting radiolarian densities and species composition (Abelmann, 1992; Itaki et al., 2003; Ikenoue et al., 2015) , which may partly explain the higher heterogeneity in the values reported. Data on absolute densities are quite variable, with maximum reported concentrations for the surface and subsurface waters of warm water areas ranging from <0.06-28 (Cifelli and Sachs, 1966; Massera Bottazzi et al., 1971; Michaels, 1988) to~80 000-400 000 ind. m −3 (Petrushevskaya, 1971b (Petrushevskaya, , 1986 Boltovskoy et al., 2003) . Although these discrepancies are obviously affected by geographic and seasonal heterogeneity, methodological differences most probably play a key role as well. Estimates of protist densities are highly dependent on the mesh-size of the net and sieve used to collect and process the samples. Approximately 55-64 µm meshes, the standard for radiolarians, have been employed for~60% of the samples included in Fig. 1 , but almost 40% used 15-35 µm meshes. Several investigations showed that the abundances of a large proportion of the polycystines, especially immature forms and small species, are not retained by~60 µm meshes (Beers and Stewart, 1971; Michaels, 1988; Caron and Swanberg, 1990; Alder, 1992a, 1992b; Boltovskoy et al., 1996) . Further, although most of the abundance data north of 45°N and between 30°S and 30°N are based on standard methods used in radiolarian research (i.e. sieving of the samples, elimination of the organic matter and calcium carbonate remains, and mounting in permanent slides), most of those south of 45°S counted the radiolarians under the inverted microscope in settling chambers using unprocessed subsamples. This technique not only includes all size classes, but is also likely to preserve a larger proportion of the radiolarians in an identifiable fashion (Itaki and Hasegawa, 2000) . Significantly, latitudes south of 45°S, where 98% of the data come from samples collected with bottles or small-meshed nets (mostly 25 µm), and counted under the inverted microscope, yielded very high radiolarian densities, even after correcting the numbers reported for the effects of seasonality (see above; Fig. 1A ). This suggests that while vertical gradients of the three profiles shown and overall abundances south of 45°S are probably realistic, absolute densities north of 45°N and between 30°S and 30°N are likely underestimations. Radiolarian flux rates (sediment trap samples) contrast sharply with their standing stocks (plankton samples). While standing stocks decrease with depth, either from the surface (in the tropics and subtropics), or below 200-400 m (polewards of 45°; Fig. 1A ), flux rates are highest at the deepest or second deepest trap of each deployment (Fig. 3) . Interestingly, the trend for higher fluxes at depth is strongest for time-series collections, where flux values over long periods are represented, but does not hold for many shorter deployments. Of the 15 moorings with 2 or more traps at different depths deployed for <60 days, 8 collected more radiolarians at the deepest or second deepest trap, whereas the other 7 yielded higher fluxes elsewhere, often close to the surface. In contrast, all 18 deployments for periods >60 days found highest values in the deepest or second deepest trap (Fig. 3) . In other words, as trapping periods get shorter and approach the snapshot-type situation of a plankton sample, their results are also more similar to those of plankton samples.
Because of their relevance for global biogeochemical cycles, connections between standing stocks and sedimentation rates of planktonic, shelled organisms have been the subject of several surveys (Casey et al., 1970; Berger, 1976; Berger et al., 1989; Boltovskoy and Alder, 1992b) . Assuming an ideal steady-state scenario where each living radiolarian produces a dead, settling shell per unit time which sinks vertically and there is no destruction/dissolution in transit to the sea floor, the ratio standing stock in the water column (in ind. m −2 ) vs. flux rate (in ind. m −2 d −1 ) should provide an approximate value of radiolarian doubling rates (in days). At 30°N-30°S, the mean radiolarian standing stock in the upper 200 m is~200 000 ind. m −2 (~300 000 ind. m . Thus, in order to maintain such a supply to the settling thanatocoenosis, each living individual has to produce one settling shell every 10-15 days. This life span is within the range of values estimated in the field (Casey et al., 1970; Berger, 1976; Boltovskoy and Alder, 1992b) , and in the laboratory (Anderson, 1983) , which suggests that these standing stock and flux estimates are reasonable. Deeper traps could yield higher flux rates because they integrate flux over longer depth intervals. However, in warm waters, the bulk of the populations is above 100-400 m (Fig. 1A) , and proportions of living (fluxproducing) cells decrease sharply with depth. Judging from the values shown in Fig. 10V , the densities of living polycystines are~1200 times higher at 0-150 m than at 500-1000 m. Thus, while the upper layers host large, resident, flux-producing populations, below~-100-400 m living organisms are few and the yields of plankton samples are chiefly composed of the settling shells that avoided destruction by grazing and dissolution, rather than by resident, flux-producing radiolarians (Fig. 10V) . These arguments suggest that the contribution of deeper layers to downward flux is most probably very low (Petrushevskaya, 1971c; Berger, 1976) , and deeper traps could be expected to yield lower (rather than higher) flux rates because longer settling trajectories imply higher chances of the shells being intercepted and destroyed by a grazer (as suggested for some fragile radiolarians, like Pterocorys spp., Takahashi and Honjo, 1981) .
While these arguments are an oversimplification of the complex mechanisms that control the settling of biogenic particles (Berger et al., 1989; Wefer et al., 1996) , there seem to be no obvious reasons either for the trend of higher radiolarian flux rates with depth (especially in the warm waters), nor for the weakening of such trend at shorter trap deployment periods (all abundance numbers in sediment trap samples are obviously normalized to trapping time-shells m −2 day −1
). The degree to which sediment trap collections effectively represent the export of the upper layers at the same geographic site has been the subject of numerous investigations concluding that trap design, sinking speed, horizontal diffusion, the mesoscale eddy advective field above the trap, the vicinity of high production nearsurface areas and submarine elevations (which may favor the input of resuspended and laterally advected materials) may result in cups at different depths collecting particles originating in widely separated areas at the sea surface (Siegel et al., 1990; Krause et al., 2013; Lima et al., 2014; Fischer et al., 2016) . However, at the scale of our analyses, most of these processes are expected to have a random effect on traps deployed at different sites and depths, rather than a systematic enrichment of the lowermost cups. Obviously, shorter deployment times also yield a less balanced image of the long-term trends (Usbeck et al., 2003) , but they do not necessarily bias the results toward higher flux rates with increasing depth. Resuspension of material from the sea floor has often been used as an explanation of higher flux rates at the deep samples of the same array, as compared with the shallower ones (Leventer and Dunbar, 1987; Fischer and Wefer, 1996; Treppke et al., 1996) , but this process is usually most clearly associated with small-sized particles (e.g. lightly silicified diatoms, coccoliths), rather than with larger ones, like foraminifers and radiolarians (Haidar et al., 2000) . Further, most (88%) of the sediment trap samples used for this analysis were deployed >1000 m above the sea floor, where the effects of resuspension of radiolarian shells is probably very low . For only nine of the series shown in Fig. 3 was the lowest trap located <500 m from the sea floor, and out of these nine, only five yielded highest radiolarian fluxes in the lowermost cup.
Thus, the pattern shown in Fig. 3 seems too consistent to be explained by either of these effects or a combination thereof. A probable explanation is the dissolution of radiolarian shells in the cups after deposition and prior to recovery. For most of the time-series radiolarian collections assessed, the collecting cups had been in the water for variable periods of time, often over a year, at the designated depth, before being recovered. The rates of dissolution of biogenic opal decrease with depth, stabilizing below~1000 m. Significant differences in dissolution rates of biogenic silica with depth have been found on time scales of days to months (Berger, 1968; Hurd, 1972; Berger, 1976; Erez et al., 1982; Hurd and Takahashi, 1983; Takahashi, 1991; Abrantes et al., 2002) , which are much shorter than many of the trap deployment periods shown in Fig. 3 . Enhanced radiolarian dissolution in the shallower traps could also explain the different behavior of short-and long-term experiments, whereby the former are recovered shortly after deployment, whereas in long-term assays samples spend up to over a year in the collecting cups before they are analyzed. While dissolution rates in the cups are most probably lower than those in the water column at the same depth because the ratio particles to water is obviously higher in the cups (and therefore dissolved Si levels would raise rapidly slowing down further dissolution of biogenic Si), the contrasts discussed are based on relative values, and should therefore be marginally sensitive to these differences. Experimental evidence of biogenic particulate silica loss to dissolution in sediment trap samples suggests that at high sedimentation rates the values are low, but may increase significantly when flux rates decrease (Fischer and Wefer, 1991; Von Bodungen et al., 1991) . 

Radiolarian flux rates in sediment traps do not seem to be associated with latitude ( Fig. 3B and C) . Associations with standing stocks are more difficult to assess because adequate information is not available; however, insofar as radiolarian standing stocks are higher in the warm waters than north of 45°N, and probably also than south of 45°S (see above and Fig. 1A) , whereas their flux rates show no latitudinal trend (Fig. 3B and  C) , these two variables seem uncoupled. Geographically, for trap collections covering >200 days, neither mean (depth-and time-averaged) nor maximum (time-averaged) radiolarian flux rates are significantly associated with mean annual chlorophyll a (Goddard Earth Sciences Data and Information Services Center, National Aeronautics and Space Administration; http://disc.sci. gsfc.nasa.gov/giovannior) or Si concentrations at the surface (dissolved Si data from Boyer et al., 2013) (P = 0.280, N = 15, Spearman's rho). The uncoupling of biogenic flux with primary production fields has been noticed before for several time-series deployments , which underscores the complexity of the mechanisms that control accumulation rates of planktonic organisms in the traps.
Vertical changes in species richness
Sediment trap and plankton materials show that deeper layers yield more species than shallower depths (Figs 4-7) . In the case of sediment traps, this result is rather trivial because all cups integrate the flux from the entire water column above the depth of deployment during the collection period (Fig. 7) . However, it underscores the fact that, in terms of species composition, elimination of upper layer species during sedimentation by dissolution or grazing is apparently low. On the other hand, because plankton samples represent instantaneous snapshots, one would expect that in deeper layers, the presence of species that inhabit the upper waters should be more limited, which clearly is not the case. As a matter of fact, for the warm waters our results based on actual data (Fig. 6A) are virtually identical to those based on a simulated data set of 250 "species" randomly present in 6 "depth intervals" (Fig. 6D) , suggesting that this pattern is basically a probabilistic problem akin to a rarefaction procedure, where the numbers of species are an asymptotic function of sample size. Figure 8 confirms these results showing that practically all the radiolarians that peak in absolute abundance in the upper 100 m are present in sizable numbers down to 1000 m.
In surveys of Recent radiolarians, the presence of cytoplasm attached to the skeleton has been often used as evidence for discriminating living specimens from dead, settling shells. Cytoplasm has been observed in whole, unprocessed samples Nimmergut and Abelmann; 2002, Zasko and Kosobokova, 2014) , or in samples stained with Rose Bengal or, more rarely, with Sudan black B or eosin (which adsorb on proteins or lipids), to enhance its visibility (Petrushevskaya, 1971a; Swanberg and Bjørklund, 1986; Abelmann and Gowing, 1997; Itaki et al., 2003; Okazaki et al., 2004; Ishitani and Takahashi, 2007; Tanaka and Takahashi, 2008; Hu et al., 2015; Ikenoue et al., 2015; Matsuzaki et al., 2016) . However, staining techniques (and the presence of unstained cytoplasm) to differentiate living from dead specimens have been widely criticized because they fail to discriminate between actually living, viable specimens, from shells with remains of undecayed cytoplasm (Bernhard, 1988 (Bernhard, , 2000 Bernhard et al., 2006; Grego et al., 2013) , which can take weeks to months to disappear completely (Boltovskoy and Lena, 1970) . These lapses are significantly longer than the time it takes a radiolarian shell to reach the sea floor (at sinking speeds~70 m d ; Takahashi and Honjo, 1983; Ikenoue et al., 2015) , suggesting that the proportions of presumably living specimens (and species) at depth are significantly inflated by this bias. The widespread occurrence of large numbers of healthy diatoms, dinoflagellates and Cyanobacteria at depth >4000 m (Agusti et al., 2015) confirms the assumption that protist sedimenting velocities are fast enough to yield large proportions of individuals with undecayed cytoplasm well below their living depth range. Figure 10 summarizes the results of a number of studies where "living" and "dead" radiolarians were counted separately. A striking feature of these results is that the proportions of presumably living radiolarians are very high throughout most of the depths sampled, often exceeding 50-75% of the specimens at depths >300-500 m. Further, in some instances, proportions of presumably live specimens decrease insignificantly with depth or not at all (Fig. 10B, F, G, H, I , K, M), or are even lower at 0-50 m (where the contribution of empty skeletons settling from shallower depths is minimum), than deeper in the water column ( Fig. 10A and C) .
The absence of significant changes in the proportions shown in Fig. 10A -V implies that the contribution of dead shells settling from the overlying layers is low, and most of the specimens retrieved at depth are represented by in situ living populations. This might indeed be the case of high latitude assemblages down to~400 m, where peak radiolarian densities occur at 100-400 m (Fig. 1A, Fig. 10A -C, S-U; see Nöthig and Gowing, 1991) . On the other hand, in tropical and subtropical areas, where highest radiolarian densities occur close to the surface (Fig. 1A) , one should expect to find increasingly higher proportions of empty shells with depth (Petrushevskaya, 1971c; Takahashi, 1984; Gowing and Coale, 1989; Boltovskoy et al., 1993; Kling and Boltovskoy, 1995) . The estimates shown in Fig. 10 are unlikely to reflect the dissolution of dead shells settling from the overlying waters (thus enhancing the proportion of in situ, living organisms), as dissolution of radiolarian skeletons en route to the sea floor is usually low (Takahashi and Honjo, 1983; Takahashi, 1991) .
As opposed to Rose Bengal, nuclear stains, like DAPI or acridine orange, seem to yield much more realistic estimates of the proportions of living radiolarians (Gowing, 1986; Gowing and Coale, 1989; Nöthig and Gowing, 1991) . Figure 10V shows the proportions of polycystines with stained nuclei retrieved in sediment traps deployed for 34 days at 10 depths in the North Pacific Central Gyre. As expected, living polycystines account for >90% of the cells in the uppermost trap (50 m), dropping to 30-40% at 150-300 m,~2-3% at 700-1000 m and <1% at 1000-2000 m (compare with Fig. 10W ).
Lateral advection at depth
The ranges of marine species which cover several depth layers in high latitude areas, and extend toward the equator at depth only, are often the expression of the long known phenomenon referred to as "isothermal submersion", whereby cold water to temperate organisms inhabit shallower layers at high latitudes, but as the expatriated fractions of their populations move equatorwards they sink deeper in the water column (Kling, 1976; Wiebe and Boyd, 1978; Casey et al., 1982; Boltovskoy, 1988; Kling and Boltovskoy, 1995; Briggs, 1996) . Although largely acknowledged since the early 1900s (Berg, 1920) , the effects of isothermal submersion on radiolarian biogeography have been little investigated (Stepanjants et al., 2006; Aita et al., 2009; Boltovskoy and Correa, 2016) . The results illustrated in Fig. 8 show that several radiolarians with highest abundances at depths >100 m in the low latitudes are present in high numbers north of 45°N, suggesting that their low-latitude populations may be fed by individuals expatriated from higher latitudes. Figure 8 , however, is based on a selection of the 62 species recoded in >80 samples, and may therefore yield a biased impression of the proportion of isothermally submerging radiolarians. Figure 11 , based on all the plankton, sediment trap and surface sediment samples with species identifications, illustrates the numbers of species recorded in >10% of the samples between 30°N and 30°S above and below 200 m, and those recorded N and/or S of 45°(all depths). Several interesting indications emerge from this analysis. Despite the fact that in the low latitudes most radiolarians peak in abundance above 200 m (Figs 8 and 9 ), in agreement with the above discussed results overall species richness is almost two times higher below 200 m than higher up in the water column. Interestingly, >90% of the upper layer species are also present consistently below 200 m, but~45% (64 species) of those recorded frequently below 200 m are very scarce or absent above this depth. Some of these species are most probably low-latitude deep-dwelling forms; however, in the tropics and subtropics these radiolarians are normally few, accounting for <10% of the inventories (Renz, 1976; Kling and Boltovskoy, 1995) , which suggests that at 30°N-30°S, a large proportion of the species common below 200 m are advected from elsewhere. Comparison of the inventories of warm and cold waters indicates that the latter share almost two times more species with deep warm areas (41 species), than with shallow ones (24 species) (Fig. 11) . These numbers suggest that only~50-60% of the radiolarian species present at depths >200 m and on the bottom of warm water areas originate from upper layer populations, 10% are local, deep-dwelling forms and~20-30% are advected from higher latitude areas.
The values illustrated in 
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or isothermally submerging forms. In the cold waters, where peak radiolarian density and diversity occur in deeper strata, the numbers of species restricted to the upper 200 m are lower than in the tropics and subtropics, whereas below 200 m overall diversity and the proportion of species absent from the upper layers is over two times higher than in the warm waters.
Isothermal submersion is not restricted to high latitude species, but most probably also operates on narrower latitudinal bands. Comparison of the near-surface and sedimentary radiolarian assemblages reported by Renz (1976) indicates that the yields of upper layer plankton samples are generally more similar to those of the bottom samples collected closer to the equator, than to bottom samples located directly beneath the corresponding plankton sample (Fig. 13) .
Our results suggest that isothermal submersion plays a major role in the composition of low to middle latitude deep water and sedimentary assemblages. Observed disagreements between specific compositions in the water column and in the sediments have been typically ascribed to selective dissolution (Petrushevskaya, 1971c; Renz, 1976) but, as opposed to planktonic Foraminifera, where cold water forms are generally more solution-resistant than warm water ones (Vincent and Berger, 1981) , ad hoc dissolution experiments with Radiolaria do not suggest such a trend (Johnson, 1974; Morley et al., 2014) .
Purported "contamination" opposite from the one expected by isothermal submersion (i.e. the occurrence of warm water species at depth or in the sediments of cold water areas) is less common, but has been reported as well. These mismatches can also be due to passive lateral advection of dead, sinking shells, as noticed for planktonic foraminifers in the Pacific (Berger, 1970) , as well as for several warm and temperate water radiolarians presumably advected into southern polar waters by the southbound Warm Deep Water below~400 m (Abelmann and Gersonde, 1991; Abelmann, 1992) . For the polycystines, the long-term accumulation of small numbers of warm water species advected laterally into colder areas than those they inhabit in the surficial layers, associated with their enhanced preservation potentials, can yield high proportions in the sediments (Popova, 1986) . This is probably the case of Heliodiscus asteriscus, a typically warm water, surface (0-50 m) species (Figs 8 and 9 ), widely present in the sediments between~60°N and 60°S (see Fig. 43 in Boltovskoy et al., 2010) .
S C O P E , L I M I T A T I O N S A N D I M P L I C A T I O N S
Although the patterns discussed have been known or suggested for several marine plankton, including radiolarians, to the best of our knowledge, this is the first attempt at providing a worldwide assessment of the vertical distribution of radiolarian densities and species richness on the basis of a comprehensive database. In an attempt to synthesize the major trends objectively, efforts were made to assess quantitatively the distributional aspects discussed for a highly diversified group of planktonic protists widely used in paleoceanographic surveys. The goal of this work was to interprete ocean-wide patterns, and therefore these conclusions may not be applicable to restricted geographic areas and time offsets.
Admittedly, the analyses presented have numerous constraints, including limitations in sampling coverage, heterogeneity in the sources of data, potential taxonomic inconsistencies, imprecise definition of some morphospecies, conflicts between morphologically vs. genetically based species concepts (Yuasa et al., 2009; Ishitani et al., 2012; Ishitani et al., 2014) , assumptions regarding the discrimination between the depth ranges of living populations and those of their dead or nonviable remains, regional differences between the effects of grazing vs. those of dissolution on radiolarian thanatocoenoses, as well as those between isothermal submersion, passive sinking and lateral advection, and winnowing by bottom currents along the sea floor (Burckle, 1981; Popova, 1986; Boltovskoy, 1994; Lange et al., 1994) , for which reason these results must be considered as provisional. Nevertheless, they underscore the importance of vital and post-mortem mechanisms that may influence distributional and paleoecological surveys, and our limited ability to account for them in our studies. On worldwide scales, these confounding effects are probably of lesser importance, especially when data selection and analyses are carried out with a view to neutralize or minimize their influence (e.g. Correa, 2016, 2017) , but in regional studies, they can be significant, especially when sampling coverage is restricted to limited sectors of the entire distributional range of the species. For example, in their analyses of radiolarian biogeography of the Indian Ocean based on surface sediment samples, Johnson and Nigrini (1982) concluded that two typically Antarctic radiolarians (Antarctissa spp. and Actinomma antarcticum) characterized a temperate assemblage centered around 45°S because their southernmost samples were from~50°S. Several such disagreements were discussed by Boltovskoy and Correa (2016) when comparing worldwide patterns with patterns for restricted oceanic areas. It should be noticed that insofar as paleoenvironmental studies based on sediment samples are concerned, biases due to mismatching water column-sediments distributional ranges are limited by the fact that these surveys usually do not rely on explicit assumptions of the absence of such mismatches. Nevertheless, blurring and distortion of the sedimentary imprint derived from the processes discussed is a significant confounding factor. Further, comparisons between Recent conditions and those derived from dated, downcore samples, using either microfossil specific assemblages (Climap, 1976) or chemical proxies from microfossil remains like stable isotopes or Mg/Ca ratios (De Garidel-Thoron et al., 2007; Mulitza et al., 2003) , rely on the assumption that the conditions that govern the formation of the microfossil sedimentary assemblages have been similar during the time slices compared (e.g. Imbrie and Kipp, 1971) . However, many surveys indicate that these conditions fluctuated widely in time, even on comparatively shorttime scales. In this context, vertical distribution patterns and deep, lateral advection of expatriated shells is particularly important because the strength of the intermediate and deep currents, primarily responsible for these displacements, varied greatly, as shown by contrasts between glacial and interglacial periods (Boyle and Keigwin, 1987; Adkins, 2013; Howe et al., 2016) . These changes have likely affected the scenarios under which Recent and past microfossil thanatocoenoses were formed, and hence extrapolations of past environmental settings from Recent sediments.
C O N C L U S I O N S
(1) The upper layers (0-100 m) of tropical and subtropical waters host the highest densities of polycystine radiolarians, with mean values for the World Ocean around 1100-1400 ind. m −3 . At 200-400 m densities decrease gradually, dropping to <1 ind. m −3 below 400 m. In subpolar and polar areas of the northern hemisphere, densities are conspicuously lower, and peak values are located below 100 m. Data for the cold waters of the southern hemisphere also show deep maxima (~200-400 m), and higher densities than northern hemisphere cold water areas, but these comparatively high densities likely reflect underestimates elsewhere due to methodological differences. Vertical patterns are geographically more consistent in warm than in cold waters.
(2) In plankton and sediment trap collections, highest numbers of species are recorded in the deepest layers (averaged data for 40 plankton samples collected at 9 sites, and 16 surface sediment samples collected at 12 sites). Because in the sediments, the numbers of species decreased consistently away from the equator (Pearson's R of absolute latitude vs. number of species: −0.835, P = 0.001), the figure is based on a subset of the 23 species (of a total of 111) that were present at levels >0.5% in one or more samples (Pearson's R of absolute latitude vs. number of species: 0.362, P = 0.247). Data from Renz (1976) .
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sampled. However, when successive depth intervals are considered, the numbers of new species added with increasing depth to the inventories of the overlying waters decrease sharply from 100% at 0 m to~4-20% at 1000-5000 m. This pattern reflects the fact that the yields of deeper layers include both local, resident populations, as well as dead or dying specimens settling from the overlying waters and laterally advected from elsewhere.
(3) Discrimination of in situ, living specimens from unviable cells settling from the overlying waters with the aid of the most widely used cytoplasm-staining techniques (Rose Bengal) yield unreliable proportions of purportedly living organisms in the deep layers, inflating the depth ranges of the species and, consequently, living species richness values in the deeper strata.
(4) In contrast with the plankton, where standing stocks and proportions of living specimens decrease with depth (either below~100 m, in warm water areas, or below 200-400 m, in cold water areas), the accumulation rates of sinking radiolarian skeletons in sediment trap samples (in individuals m
) are highest at the deepest or second deepest trapping depths. This relationship holds for all long-term trap deployments (>60 days), but is weaker at short-term (<60 days) deployments. None of the mechanisms known to be associated with higher flux rates in deeper traps (lateral advection, resuspension, horizontal diffusion and eddy advective fields) seem to explain this pattern. The dissolution of radiolarian shells in the cups after deposition and prior to recovery is likely responsible for these differences.
(5) The contribution of laterally advected radiolarian skeletons, expatriated from their native shallower layers to the deep waters and to the sedimentary record, is high throughout the World Ocean, but particularly significant in tropical and subtropical areas. Betweeñ 30°N and 30°S, expatriated, isothermally submerging species likely represent~20-30% of the overall specific inventories.
(6) Because paleoenvironmental studies based on comparisons of Recent (surface sediments) vs. past (dated downcore sediments) samples do not rely on explicit assumptions of the absence of mismatches between distribution patterns of living organisms in the water column and those of their fossil remains on the bottom, the bearing of such mismatches on paleoceanographic surveys may be limited. On the other hand, such surveys assume that the oceanographic conditions that govern the formation of the microfossil sedimentary assemblages have been similar during the time slices compared. Intermediate and deep ocean circulation has changed significantly on the time scales involved in many of the paleoceanographic surveys based on microfossil data, and therefore associations between upper layer environmental settings with Recent patterns are likely to differ from those that prevailed under dissimilar circulation modes at depth. These differences may affect isothermal submersion and lateral advection processes significantly, thus biasing paleoenvironmental conclusions based on contrasts between Recent and past microfossil distribution patterns.
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